Mercury TMDLs (Total Maximum Daily Loads) are a regulatory instrument designed to reduce the amount of mercury entering a water body and ultimately to control the bioaccumulation of mercury in fish. TMDLs are based on a BAF (bioaccumulation factor), which is the ratio of methyl mercury in fish to dissolved methyl mercury in water. Analysis of fish tissue and aqueous methyl mercury samples collected at a number of locations and over several seasons in a 118 km reach of the Savannah River demonstrated that species specific BAFs varied by factors of three to eight.
Introduction
Mercury is a neurotoxic contaminant that is widespread in aquatic ecosystems.
Mercury accumulates in fish primarily as methylmercury (Bloom 1992) , which is produced in aquatic environments by the action of microorganisms on inorganic mercury (Gilmour et al. 1992) . Mercury enters fish through their diet and concentrates in muscle tissue to levels far higher than found in the ambient water (Clarkson 1990 , Downs et al. 1998 ). Because of food chain bioaccumulation, higher concentrations usually occur in predatory fishes than in fishes that feed at lower trophic levels (Cabana et al. 1994 , USEPA 1997 . Consumption of contaminated fish (and other aquatic organisms) is the major route by which mercury enters human and wildlife food chains (Eisler 1987 , Clarkson 1990 ).
Regulatory agencies in the United States are in the process of developing TMDLs (total maximum daily loads) for mercury in various water bodies in an effort to reduce mercury loading from the surrounding watershed and protect human and ecological health (EPA 1994 , EPA 2000 . TMDL computations involve the determination of a target concentration for mercury in water that is based on a bioaccumulation factor (BAF, EPA 1997) . The BAF is the ratio of the concentration of mercury in fish flesh to the concentration of mercury (usually dissolved methyl mercury) in the water (EPA 1997) . The BAF has a critical effect on the results of TMDL computations and subsequently on the efficacy and economic impact of regulations stemming from the TMDL.
The USEPA has developed default BAFs for mercury that can be used when site specific data is lacking (EPA 1997) . However, mercury BAFs are influenced by many factors including water chemistry, food chain lengths, temperature, fish diet, and others (Cope et al. 1990 , Downs et al. 1998 , Bowles et al. 2001 . EPA (1977) default BAFs are derived largely from fish and water chemistry data collected from northern lakes that may differ chemically and ecologically from running waters and from waters located in other geographic regions. The EPA (1977) recognizes the limitations of default BAFs and recommends that site specific BAFs be used whenever possible.
Collection of representative data for computation of site specific BAFs is complicated by temporal and spatial variations in aqueous and fish tissue mercury levels. Aqueous mercury levels can exhibit substantial temporal variation associated with changes in oxygen concentration, precipitation, temperature, water level, and wetland runoff (Sellers et al. 2001 , Hurley et al. 1998 , Regnell et al. 1997 . Mercury levels generally vary less in fish muscle tissue (Downs et al. 1998 , Foster et al. 2000 , where biological half lives can be as long as one to three years (McKim et al. 1976, Burrows and Krenkel 1973) , However, substantial seasonal variation in fish muscle tissue mercury may result from variations in mercury uptake (Park and Curtis 1997) . In addition, localized aggregations of fish from the same water body may exhibit significant spatial variations in mercury concentration as a likely result of differences in mercury bioavailability among foraging areas (Munn and Short 1997) . The influence of these sources of variation on the representativeness and precision of site specific BAFs has not been thoroughly investigated. In this study, we collected aqueous and fish tissue mercury samples during several seasons and at a number of locations in the middle Savannah River permitting us to determine the magnitude of seasonal and spatial variation in mercury concentrations in both media. The objective was to assess the effects of this variability on mercury BAFs for Savannah River fish.
Materials and Methods

Study area
The Savannah River is an important lotic ecosystem that forms the border between South Carolina and Georgia in the southeastern United States. The approximately 118 km reach under study was located in the upper coastal plain. It extended from below the Augusta Lock and Dam (RKM [river km] 302) to the Highway 301 bridge (RKM 192) and for part of its length was adjacent to the Savannah River Site, a US Department of Energy facility (Figure 1 ). Dissolved oxygen concentrations within this region averaged seven to eight mg/l, pHs were slightly acidic (around 6.0), and conductivities averaged near 70 (Paller et al. 1986 ). The study area included a number of "cut-off bends" or artificial oxbow lakes (hereafter referred to as "cuts") formed where loops of the river channel were by-passed by the Army Corps of Engineers during the 1960s to improve navigation efficiency. Although most cuts were still connected to the main river channel, the flow through them was reduced and dissolved oxygen concentrations were lower (nearing zero in a few backwater areas during warm weather, Paller et al. 1986 ). We observed that cuts were heavily fished by anglers, suggesting the importance of including them in a BAF study ultimately concerned with human exposure to mercury. There were no known industrial processes contributing mercury to the study area during the course of this study. Fish were transferred to polyethylene zip-lock bags immediately following collection, placed on ice and brought to a laboratory where they were individually measured (total length to nearest mm) and weighed (nearest g). A muscle tissue sample weighing approximately 10g was removed from the lateral posterior portion of each fish and frozen. In some cases, stomach contents were qualitatively evaluated to determine what the fish had been eating. Fish tissue samples were individually analyzed at the Savannah River Site Environmental Monitoring Laboratory for total mercury (ug/kg wet weight) using EPA method 245.6 (cold vapor atomic absorption spectrometry following tissue homogenization and digestion, EPA 1991). Differences between replicate samples averaged 9% and all results were above the detection limit.
Two filtered water samples for dissolved methyl mercury analysis were collected from each habitat (river and cut) in each location (upper, middle, and lower river) during each sample period. The two water samples from the river were collected near the beginning and the end of each sampling location and the two water samples from the cuts were collected from different cuts. Each sample was taken near the middle of the river or cut approximately 25 cm beneath the surface. A peristaltic pump and clean plastic tubing conveyed water from the river through a 0.45 micron glass-fiber filter into a pre-cleaned and marked teflon bottle (filter and bottle supplied by Frontier Geosciences). New filters were used for each sample, and the collecting tube was thoroughly flushed with ambient water before collecting each sample. Sampling was performed with clean sample handling techniques to prevent contamination (Bloom 1995 , USEPA 2001 . Samples were placed on ice and shipped the day of collection to a laboratory that specialized in ultra-low level methylmercury analyses (Frontier Geosciences) using gas chromatography and cold vapor atomic fluorescence (Bloom 1989 , USEPA 2001 . There were two aqueous methyl mercury samples that were below the detection limit of 0.014 ng/l.
Data analysis
Analysis of covariance (ANCOVA) (Sokal and Rohlf 1981) was used to assess differences in fish mercury levels among river locations, habitats, and time periods while controlling for the effects of fish size (i.e., total length). Location, habitat, and time period means were compared with a least squares mean (LSM) procedure that adjusted the individual means to the average fish length (Searle et al. 1980 ). Failure to collect fish from some habitats during some sample periods made it impossible to test all main effects and interactions in a single model that included all data. Instead, it was necessary to select portions of the data that permitted testing of the hypothesis of interest without incurring the problem of missing cells as discussed more fully later.
Differences in aqueous mercury concentrations among locations, habitats, and time periods were analyzed with analysis of variance (ANOVA) (Sokal and Rohlf 1981) . The two samples below detection limits were assumed equal to half the detection limit for analysis. Both fish tissue and aqueous mercury data were log transformed prior to analysis to meet statistical assumptions. Results were judged significant at P<0.05.
Mercury BAFs are typically calculated by dividing the average mercury concentration in fish by the average dissolved methyl mercury concentration (EPA 1997) . This procedure yields a single value without an estimate of variability needed to compute confidence intervals. To avoid this problem, average BAFs plus 95% confidence intervals were calculated with a resampling procedure that involved randomly drawing (with replacement) a prescribed number of samples (indicated in results) from the potential pools of aqueous and fish tissue mercury samples appropriate for each combination of habitat, location, and time period under examination. Averages were calculated for the randomly drawn aqueous samples and the randomly drawn fish samples, and a BAF calculated by dividing the averages. This process was repeated 20,000 times and the 2.5 th and 97.5 th percentile were determined from the frequency distribution of the 20,000 BAFs. Coefficients of variation (CVs) were also computed from the frequency distribution by dividing the standard deviation of the BAF distribution by the distribution average. Computations were performed with Resampling Stats (Simon 1999) and Resampling Stats in Excel (Blank 1999) . Because of an inability to consistently collect largemouth bass from the main channel, largemouth bass from both main channel and cuts were pooled for the ANCOVA of location and sample period on tissue mercury levels (n=81). Largemouth bass total length was significantly related to tissue mercury concentrations (P<0.001), and the relationship between fish length and mercury concentration was consistent across categories (i.e., slopes were homogeneous). Largemouth bass tissue mercury levels differed significantly among locations (P<0.001) and among time periods (P=0.011), but there were no significant interactions. Size adjusted concentrations were highest in the lower river and lowest in the upper river and somewhat higher during spring 2001 than during the other sampling periods (Figure 3 ). An additional ANCOVA using only fall 2000 and late summer 2001 data, when bass were collected from both main channel and cut habitats at all locations (n=32), indicated that habitat related differences in tissue mercury levels were not significant (size adjusted geometric mean tissue levels were 213 ug/kg for the main channel and 200 ug/kg for the cuts).
Results
Mercury in fish tissues
A preliminary ANCOVA with species as the categorical variable indicated a significant relationship between fish length and tissue mercury concentration but no significant differences among species for the three species pooled to produce the sunfish category, thus justifying the pooling of sunfish species for subsequent testing.
As with largemouth bass, an inability to consistently collect sunfishes from the main channel made it necessary to pool fish from both main channel and cuts (n=98) to test location and sample period. There was a significant relationship between total length and tissue mercury concentration (p<0.001) and a significant difference among locations (P<0.001) but not sample periods. Size adjusted sunfish tissue mercury levels exhibited the same pattern observed with largemouth bass, highest in the lower river and lowest in the upper river ( Figure 3 ).
Data from the late summer 2001 sample period, when sunfish were collected in substantial numbers from the main channel and cuts at all sample locations, were used to test for differences in sunfish tissue mercury levels between habitats (n=40). This test indicated the occurrence of significant differences among both locations (P<0.001) and habitats (P=0.004) but no significant interaction. Size adjusted geometric mean sunfish tissue mercury levels were higher in the cuts (117 ug/kg) than in the river (61 ug/kg).
Paralleling the previous tests, sunfish tissue mercury levels were highest in the lower river and lowest in the upper river.
Because preliminary analyses showed that tissue mercury levels in white catfish
were not significantly related to fish length (possibly because the white catfish collected for analysis were comparatively uniform in size; i.e., total length cv = 13.6% compared with 21.4% for largemouth bass and 18.4% for sunfishes), ANOVA rather than ANCOVA was used to test catfish for tissue mercury differences. Because white catfish were difficult to collect, the best test of sample period and habitat was with data collected from the middle river, where white catfish were consistently collected from both river and cuts during all sample periods (n=28). This test indicated significant differences among sample periods (0.012) but not between habitats, nor were interactions significant. ) for sunfishes, and 2.5 x 10 6 (95% CI = 1.6 x 10 6 to 3.7 x 10 6 ) for white catfish.
BAFs were also calculated by using geometric mean fish and geometric mean aqueous methyl mercury concentrations (since geometric means appeared to represent central tendency better than arithmetic means) and by using size adjusted geometric means (i.e., least squares geometric means) for fish tissue mercury in place of unadjusted geometric means (to control for differences in fish size among locations and time periods). Neither calculation substantially affected the differences among locations and time periods, although both reduced the confidence interval around individual means slightly. The lack of influence of the size adjusted geometric means indicated that BAF variability among locations and seasons was unrelated to fish size.
It was necessary to increase both fish and aqueous mercury sample sizes to reduce the uncertainty associated with BAF estimates, as illustrated with an analysis based on the overall average largemouth bass BAF. Changes in fish and water sample sizes had similar effects on BAF variability. Very small sample sizes for either resulted in relatively high BAF CVs (Figure 7) . The effect of sample size on BAF uncertainty was observed more explicitly by examining 95% confidence intervals for the overall average largemouth bass BAF (Figure 8) . A sample size of five each for fish and water was associated with a confidence interval nearly 220% as large as the mean BAF. As sample sizes for both increased, the confidence interval (expressed as a percentage of the mean) decreased asymptotically, reaching approximately 78% of the mean at a sample size of 50 each for fish and water. In addition to causing considerable uncertainty, small (<10) fish and water sample sizes resulted in slightly elevated average BAFs and highly skewed BAF distributions because of the strong influence of atypical data points on fish tissue and water concentration averages. This bias was minimal with larger samples which reduced the leverage of atypical data points.
Discussion
The Savannah River BAFs can be compared to the default BAFs recommended by the EPA (1997) for use when site specific data are lacking. For piscivorous fish, such as largemouth bass (trophic level four), the default BAF for dissolved methyl mercury in water and total mercury in fish is 6.8 x 10 6 (EPA 1997) . This value exceeds the upper 95% confidence limit for the overall average Savannah River largemouth bass BAF (3.7
x 10 6 ), indicating it is not representative of mercury bioaccumulation in Savannah River largemouth bass. This is not surprising because BAFs vary substantially among water bodies (Southworth 1999) . The difference between the EPA default BAF and the BAF for Savannah River largemouth bass indicates the importance of using site specific in BAFs among different types of fish were a direct consequence of taxa specific differences in fish tissue mercury levels that were probably associated with differences in trophic level, diet, and other factors (Kidd et al. 1995) .
Of greater interest were variations in BAFs within individual taxonomic groups, which were larger than the differences between taxonomic groups. An important cause of this variation was spatial differences in fish tissue mercury levels. Mercury levels in all taxa, were highest in the lower river, intermediate in the middle river, and lowest in the upper river. Spatial differences in mercury levels have been reported in walleye
Stizostedion vitreum from a Columbia River reservoir and attributed to local differences in the physical and chemical environment that affected mercury bioavailability (Munn and Short 1997) . Proximity to anthropogenic sources of mercury pollution have also been linked to spatial differences in fish tissue mercury levels in a Virginia River (Hildebrand et al. 1976) and Florida estuaries (Strom and Graves 2001). However, there were no obvious point sources of mercury pollution in the Savannah River. There are numerous factors that can affect mercury bioaccumulation (Watras et al. 1998 , Bowles et al. 2001 , and additional research will be needed to explain the patterns observed in the Savannah River.
Although its influence was not as strong as location, season also had a significant effect on fish tissue mercury levels, with largemouth bass exhibiting higher levels in the spring and white catfish exhibiting lower levels in the spring. The pattern exhibited by largemouth bass was congruent with the pattern exhibited by aqueous methyl mercury, which was also significantly higher in the spring. The long biological half-life of methyl mercury in fish muscle (McKim et al. 1976, Burrows and Krenkel 1973) would be expected to limit seasonable variability in fish tissue mercury levels, and several field studies support this lack of seasonal change (Francis et al. 1998 , Foster et al. 2000 . However, at least one study indicates substantial seasonal variation in largemouth bass muscle tissue mercury levels attributable to changes in methyl mercury intake, which is potentially more variable (with changes in diet) than methyl mercury elimination (Park and Curtis 1997) . Seasonal dietary shifts may have contributed to the temporal variability observed in fish tissue mercury levels in the Savannah River, although more intensive studies will be needed to verify this hypothesis.
Habitat (main channel versus cuts) also influenced mercury levels, although only in sunfishes. Higher levels in sunfishes from the cuts may have been related to the seasonal occurrence of relatively high aqueous methyl mercury levels in this habitat ( Figure 4 ). Failure of largemouth bass and white catfish to also exhibit higher mercury levels in the cuts might be related to their greater mobility. Many stream dwelling sunfishes occupy relatively small home ranges in the order of 100 linear m (Berra and Gunning 1972, Gatz and Adams 1994) , while largemouth bass occupy home ranges of approximately 1000 m in the Savannah River (unpublished data) and exhibit considerable movement between the main channel and tributary streams (Jones 2001) .
Movement patterns of white catfish are largely unknown, but channel catfish Ictalurus punctatus range up to 5 km in rivers and move between main river channels, tributary streams, and oxbow lakes (Dames and Coon 1989, Flotemersch et al. 1997 ).
Largemouth bass and white catfish may integrate mercury exposure across habitats as a result of their relatively extensive movements.
Like mercury levels in Savannah River fish, methyl mercury levels in Savannah River water were highly variable and contributed to the high variability observed in the mercury BAFs. For logistical reasons, aqueous mercury sample replication was limited to two for each combination of location, habitat, and time. However, even this was sufficient to detect significant differences between time periods, with mercury
concentrations averaging approximately two times higher during the spring than during the summer and fall. This difference was probably related to seasonal differences in the activity of mercury methylating bacteria associated with temperature, water quality or other factors. Aqueous methyl mercury concentrations have shown seasonality in other studies, peaking in July in the northern Florida Everglades (Hurley et al. 1996) and increasing in the fall in Wisconsin Lakes (Watras et al. 1995) .
In summary, mercury levels in Savannah River fish depended on fish size; location; season; and, in the case of sunfishes, whether fish were collected from the river or the cuts. Aqueous methyl mercury levels depended on season. These sources of variation resulted in taxa specific mercury BAFs that varied by factors of three to eight (depending upon taxa) for the 118 km reach of the Savannah River under study. There was also considerable sampling uncertainty in both fish tissue and aqueous mercury concentrations likely resulting from analytical error, individual metabolic differences, and other unidentified factors. Because water quality targets calculated with the EPA's human health based methodology for mercury are inversely and linearly dependent upon BAFs (USEPA 1997), commensurate variation can be expected in water quality targets, in TMDLs derived from water quality targets, and in waste load allocations derived from TMDLs. The ultimate result could be unnecessary economic impact or insufficient protection of human health.
Savannah River data indicate the importance of sampling extensively in time and space for both fish tissue and aqueous mercury concentrations to produce accurate and representative BAFs in rivers. This includes sampling throughout the reach that the BAF will represent, sampling in different habitats that may vary in methyl mercury production, and sampling seasonally. Another necessity is to collect large numbers of fish and water samples to maximize precision and avoid potentially large BAF variations related to unexplained sampling variance. Approximately 50 fish tissue and aqueous mercury samples were needed to stabilize BAF variability in this study. Even with this sample size, the 95% confidence interval for the overall average largemouth bass BAF was 78% of the mean indicating the difficulty of obtaining precise BAF estimates.
Conclusions 1) Fish tissue methyl mercury levels in the Savannah River exhibited significant variation related to location in the river, season, habitat, species, and fish size.
Aqueous methyl mercury exhibited significant variation related to season.
2) BAFs for individual species of Savannah River fish varied by factors of three to eight depending upon when and where fish and water samples were collected.
Substantial sampling uncertainty suggested the possibility for even greater variation. 
